Lactating sows are susceptible to heat stress (HS). Part of the thermoregulatory response to HS is to increase peripheral blood flow, which is mediated in part by the vasodilator, nitric oxide (NO). Therefore, the aim of this experiment was to determine the effect of supplementation of L-citrulline, a NO precursor, on symptoms of HS, lactation performance and subsequent reproductive performance of sows in summer. A total of 221 summer farrowing mixed parity sows were fed either a control diet or supplemented with 1% L-citrulline upon entry to the farrowing house (6 ± 1.8 days for mean ± standard deviation [SD] before farrowing) until weaning (26 ± 1.5 days). The average daily minimum and maximum temperature in the farrowing house was 21.0 ± 1.88 and 29.2 ± 3.82°C (mean ± SD). Rectal temperature, respiration rate, and plasma and urinary nitrite and nitrate (NOx) of sows were measured on the 19th day post-farrowing. Supplemental L-citrulline in the diet did not affect the number of piglets born alive, feed intake of sows, body weight or backfat thickness of sows at weaning, or litter weight gain. L-citrulline tended to reduce piglet pre-weaning mortality rate from 18.6% to 15.6% (p = 0.058). L-citrulline reduced the respiration rate of sows compared to the control diet at 17:00 hr (Time × Diet, p < 0.001); however, rectal temperature was not affected. L-citrulline tended to increase urinary NOx concentrations (127 vs. 224 µM, p = 0.057) but not plasma NOx concentrations. L-citrulline did not affect farrowing rate or number of piglets born alive in the subsequent parity. In conclusion, L-citrulline supplementation reduced respiration rate of lactating sows and reduced piglet pre-weaning mortality rate in summer. Whether the effects were due to a NO-dependent mechanism requires further validation.
| MATERIAL S AND ME THODS

| Animals and experimental design
The procedures that involved animals in current study were in accordance with Australian Code for the Care and Use of Animals for Scientific Purposes (8th edition, 2013) , and the protocol (ID: 16N068) was approved by the Animal Ethics Committee of Rivalea Australia Pty Ltd, Corowa, NSW, Australia.
A total of 221 mixed parity sows (37 primiparous and 184 multiparous sows, Large White × Landrace; PrimeGro™ Genetics, Corowa, NSW, Australia) were allocated to two dietary treatments (Control or L-citrulline) with a similar parity distribution (2.4 ± 1.76 for mean ± SD). The wheat-based control lactation diet contained 14.9 MJ/kg digestible energy and 15% crude protein. The L-citrulline diet was similar as the control diet but 1% wheat was replaced with 1% L-citrulline (Table 1 ). The sows were fed either the control diet (n = 111) or L-citrulline diet (n = 110) upon entry to the farrowing house (6 ± 1.8 days [mean ± SD] before farrowing) until weaning (26 ± 1.5 days lactation). The dosage of the L-citrulline used in this experiment is based on an experiment by Morita et al., (2014) blood flow by approximately 7%. Sows were restrict fed 2.5-4 kg from entry until day 3 after farrowing and then fed ad libitum as previously described (Liu et al., 2017 (mean ± SD) during the experiment.
| Evaluation of farrowing and lactation performance
Body weight and backfat thickness of sows were measured at entry to the farrowing house and at weaning. Backfat thickness was measured using an ultrasound machine (CTS-900 V; Shantou Institute of Ultrasonic Instruments, China) at the P2 site (65 mm from the midline over the last rib). The number of piglets born alive, stillborn and mummified were recorded when the sows finished farrowing.
Newborn piglets were fostered across treatments within 48 hr after birth to standardise litter size between dietary treatments, so that the lactation performance could be compared. Feed intake of sows was recorded daily. Litter size and weight were recorded after crossfostering and on the 21st day post-farrowing.
| Physiological symptoms of heat stress
Twenty primiparous and 44 multiparous parity sows from the Control and L-citrulline group were monitored for physiological symptoms of HS including respiration rate and rectal temperature every three hours from 08:00 to 17:00 hr on the 19th day post-farrowing (maximum ambient temperature inside the farrowing house were all above 28°C on the observation days). Respiration rates were visually counted in 30 s periods using a stop watch, and rectal temperature was measured using a digital thermometer (Model DT-K01A; Liberty Health Products, VIC, Australia).
| Subsequent reproductive performance
Fourteen sows (including one primiparous sows and 13 multiparous sows) from the control group and 11 sows (including one primiparous and 10 multiparous sows) from the L-citrulline group were removed from the experiment before the subsequent mating due to non-reproductive reasons resulting in 97 sows from the control group and 99 sows from the L-citrulline group being mated after weaning. The weaned sows that entered the subsequent breeding cycle were remated at the first detected standing heat during postweaning daily boar exposure, and the wean-to-remate intervals were recorded for each mated sow. All the experimental sows were fed a same gestation diet in the subsequent breeding cycle. The number of piglets born alive, stillborn and mummified were recorded for each farrowed sow.
| Total nitrite and nitrate concentration in plasma and urine
Free NO quickly degrades into the stable nitrate and nitrite (NOx), which was quantified as an indirect measure of NO synthesis. Blood samples were taken by jugular venepuncture from 20 primiparous sows and 44 multiparous sows using ethylenediaminetetraacetic acid coated vacutainers (BD vacutainers, NJ, USA) at 10:00 hr on the 20th day of lactation. Plasma was separated after centrifugation at 3287 g for 5 min at 4°C. Urine samples were collected from six primiparous sows and 14 multiparous sows in 50 ml jars at 07:00 hr on the 20th day of lactation. Both plasma and urine samples were stored at −20°C until analysing for NOx concentrations using a commercial Kit (Cayman Chemicals, Ann Arbor, MI, USA). As per the manufacturer's instructions, plasma samples were filtered through a 10 kDa cut-off filter to remove interfering proteins and urine samples were diluted 50 times before the assay. The samples were then treated with nitrite reductase to convert all nitrate into nitrite, then the nitrite in the samples was reacted with Griess Reagent (Sulphanilamide and N-(1-Naphtyl ethylenediamine)) to produce an azo chromophore compound which was quantified using a colorimetric plate reader at 540 nm absorbance.
| Statistical analysis
The lactation performance data were analysed using UNIVARIATE procedure of General Linear Model for the main effects of dietary treatment (control vs. L-citrulline). Data on respiration rate and rectal temperature were analysed using Repeated Measures of General Linear Model with the time of the day as a within-subject factor and dietary treatment as a between-subject factor. Parity of sows (primiparous or multiparous) was used as a block factor in the above statistical models. The pre-weaning mortality rate of piglets and subsequent farrowing rate data were analysed by Pearson chi-square analysis. All the analysis was conducted in spss (version 24; IBM, Chicago, IL, USA). Continuous variables were presented as mean ± standard error (SE), and nominal data were reported as a percentage of distribution. Means were considered to differ significantly when p ≤ 0.05, and a trend was identified when p ≤ 0.10.
| RE SULTS
| Environmental conditions and physiological responses
Daily temperature and relative humidity of farrowing house are pre- 
| Farrowing performance
L-citrulline supplementation did not affect the number of piglet born alive, still born or mummified (Table 2 ).
| Lactation performance
L-citrulline supplementation did not affect daily feed intake, body weight or backfat of sows over lactation (all p > 0.10; Table 3 ). L-citrulline supplementation did not affect piglet average daily gain or litter weight gain to the 21st day of lactation (p > 0.10). L-citrulline tended to increase 21 days litter size from 9.5 to 10.1 (p = 0.094) even though cross-fostering was used to standardise the litter size post-farrowing between two dietary groups. L-citrulline tended to decrease piglet pre-weaning mortality rate from 18.6% to 15.6% (χ 2 = 5.7, p = 0.058).
| Blood total nitrite and nitrate concentration
L-citrulline supplementation tended to increase (p = 0.057) the urinary NOx concentration from 127 to 224 µM (Figure 3a ) but did not affect the plasma NOx concentration (Figure 3b ).
| Subsequent reproductive performance
L-citrulline supplementation did not affect subsequent farrowing rate, wean-to-remate interval, number of piglets born alive, number of stillborn piglets or number of mummified piglets in the subsequent parity (Table 4) .
| D ISCUSS I ON
The major findings from the present study were that 1% L-citrulline supplementation reduced respiration rate of the lactating sows at the hottest time of the day and decreased pre-weaning mortality rate of piglets during summer. The average maximum daily temperature (29.2 ± 3.82°C; mean ± SD) recorded during the experiment was above the upper limit of thermal neutral zone (22°C) of lactating sows (Black et al., 1993; Quiniou & Noblet, 1999) . The average respiration rate (beyond 50 breaths/min) and rectal temperature from 14:00 to 17:00 hr suggested that the lactating sows experienced a cyclic HS condition in this summer experiment. Similarly, L-citrulline supplementation at a lower dosage (0.13 g/kg body weight) reduced respiration rate of growing pigs housed in heat stress conditions (Kvidera et al., 2016) . The effect of Lcitrulline in reducing respiration rate in the hot conditions may be due to an enhanced or prolonged skin vasodilation. Heat loss is mainly consisted of sensible heat loss (the heat transferred from skin to the air by radiation and convection) and evaporative heat loss (the heat carried by the moisture from the lung). When the environmental temperature increased to the skin temperature the sensible heat loss of pigs decreases, whereas, the evaporative heat loss increases along with the accelerated F I G U R E 1 Temperature and relative humidity of farrowing house (mean ± standard deviation) F I G U R E 2 Rectal temperature (a) and respiration rate (b) (mean ± standard error) of lactating sows fed sows fed control or 1% L-citrulline in summer. Measurements were conducted on the 19th day of lactation, and the maximum shed temperature was above 28°C on the observation days respiration rate to maintain or increase total heat loss (Close & Mount, 1978; Mount, 1962) . Theoretically, skin vasodilation can increase the surface area of heat exchange thus allows more sensible heat loss from the skin; therefore, a facilitated vasodilation function may spare the evaporative heat loss from the respiratory tract. The increased skin vasodilation may be a reason for the ameliorated respiration rate that was observed in the sows that supplemented with L-citrulline.
Total nitrate and nitrite (NOx) are measured as a marker of endogenous NO synthesis. Our results showed that L-citrulline supplementation tended to increase urinary NOx but not plasma NOx concentrations. The NOx concentration in the urine was 10 times of the concentration in the plasma, suggesting that the accumulated NOx in the urine is more representative of the total NOx production. Furthermore, the blood samples which were collected at a single time point may not be able to fully describe the postprandial NO production. The upregulation of skin vasodilation in response to hot conditions is consisted with a sensory nerve involved initial phase and a NO-dependent maintenance phase (Charkoudian, 2003; Farrell & Bishop, 1995) . The supplementation of L-citrulline was hypothesised to increase precursors for NO production thus facilitate the maintenance phase of skin vasodilation in a hot condition. The showed that an intravenous infusion of L-arginine at 0.375 g/kg body weight increased urinary nitrite concentration by 97% and reduced total peripheral resistance by 10%, indicating that this level of increased nitric oxide production can effectively stimulate peripheral vasodilation (Bode-Böger et al., 1998) . Besides, a topical nitric oxide generating gel was shown to increase skin microcirculatory blood volume by 11 times (Tucker, Pearson, Cooke, & Benjamin, 1999) . The reduction of respiration rate observed in the lactating sows supplemented with 1% L-citrulline may be an indirect evidence for an increase sensible heat dissipation that was contributed by an enhanced or prolonged skin vasodilation in the hot condition.
Pre-weaning mortality rate of piglets was slightly reduced by 3%
by L-citrulline supplementation, but the litter weight gain or piglet average daily gain during lactation was not affected. Over-lain and unthrifty are the top two reasons for the deaths of pre-weaning piglets in this experiment. The breakdown of the reasons for the deaths of piglets showed that the percentage of piglets destroyed and removed due to unthrifty was numerically decreased by L-citrulline supplementation from 3.7% to 2.8% and from 3.4% to 2.1% respectively, whereas the percentage of overlaid piglets (7.2%) was similar between the two groups. These results suggested that L-citrulline supplementation from late gestation until weaning in sows can slightly increase the viability of piglets; however, the exact mechanism remains to be investigated. Given the null effect on the litter weight gain and piglet average daily gain, the 1% L-citrulline supplementation was unlikely to improve the nutrient composition or the quantity of milk. Likewise, L-arginine supplementation at 25 g/day during gestation and lactation did not affect milk composition or production performance of sows (Krogh, Oksbjerg, Purup, Ramaekers, & Theil, 2016) .
The subsequent farrowing outcome was not affected by the L-citrulline supplementation. The subsequent farrowing rate was averaged at 83% which was lower than the normal farrowing rate (above 90%) of the sows mated in the cooler months according to commercial production records, suggesting a summer infertility scenario.
Multiple factor can be responsible for summer infertility, such as the In conclusion, 1% L-citrulline supplementation from late gestation until weaning reduced respiration rate of lactating sows at the hottest time of the day and reduced pre-weaning mortality rate of piglets in summer, while feed intake of lactating sows, litter weight gain or subsequent reproductive performance was not improved.
Whether the beneficial effects are due to the increased NO production remains to be investigated. 
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